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 Four compositions were developed with incorporation of non-encapsulated PCM.
 The influence of the non-encapsulated PCM in mortars was evaluated.
 The incorporation of PCM did not affect the density and the mechanical strengths.
 The incorporation of PCM leads to a decrease in the water absorption.
 The ambient temperature did not affect the compressive strength.a r t i c l e i n f o
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During the last years several studies of construction materials with incorporation of encapsulated phase
change material (PCM) have been published. However, the utilization of non-encapsulated PCM is one of
the main gaps. The main objective of this work was the study of physical and mechanical properties of
cement mortars with incorporation of non-encapsulated PCM. It was possible to conclude that the utiliza-
tion of non-encapsulated phase change materials can be seen as a good and more economical solution for
the energy efficiency of the buildings, without prejudice of the properties.
 2016 Elsevier Ltd. All rights reserved.1. Introduction
The rapid world economic growth has led to an increase in the
energy consumption. The fossil fuels dominate the world energy
market, with a share of about 81% [1]. However, the fossil fuels
are running out and present high costs. On the other hand, its
use is related with the emission of harmful gases into the environ-
ment. Thus, the energy efficient use and the possibility of the use of
renewable sources of energy are becoming increasingly important.
The energy efficiency of buildings is now one of the main objec-
tives of regional, national and international energy policy [2].
Buildings are one of the leading sectors in energy consumption in
developed countries. In the European Union the buildings
represent 40% of energy consumption and CO2 emissions to the
atmosphere [3–4].The solutions based into the use of renewable energy contribute
to the increase the energy efficiency, to decrease the use of fossil
fuel reserves and to reduce the pollutant emissions into the atmo-
sphere. The utilization of renewable energy sources, like solar
energy, is becoming a crucial measure promoting energy efficiency
and sustainability of buildings. In addition, the use of renewable
energy sources is a key factor to reduce the energy dependence
of the buildings. Therefore, the heat storage possible with phase
change materials is a strategy for the development of construction
projects with high energy performance.
The phase change materials have the ability to reduce the tem-
perature variation, due to their capability in absorbing and releas-
ing energy to the environment. The PCM operating principle
consists in change their status, according to the environment tem-
perature. The PCMs absorb and store energy, suffering a change
from a solid state to a liquid state, while temperature increases.
On the other hand, the material possesses the capability to release
the previously stored energy when the temperature decreases, suf-
fering in this case a change from a liquid state to a solid state [4–6].
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different methods, such as encapsulation, shape-establization,
direct incorporation and absorption by immersion or capillarity
[1,7–12]. The most common form of this material utilization is
the encapsulation. There are two types of encapsulation:
macroencapsulation and microencapsulation [7–8]. Cunha et al.
[13], developed a study dealing with the incorporation of
microencapsulated PCM in mortars based in different binders.
They concluded that the incorporation of PCM in mortars causes
significant changes in their properties in fresh and hardened
state, such as an increase in the amount of water added to
the mortar and a decrease of the mechanical strengths. The
shape-stabilized PCM is prepared by integrating the PCM into
the supporting material. The shape-stabilized PCM are mainly
classified as composite PCM and are fabricated by embedding
PCM into shape stabilization supports such as high density
polyethylene, styrene, polystyrene resin, etc. However, this pro-
cess is complex [9]. In the absorption by immersion, the con-
struction product is immersed in the liquid PCM [8]. Hawes
et al. [11] developed a study in order to examine the PCM
absorption mechanisms in concrete to achieve the diffusion of
the desired PCM amount and hence the required thermal stor-
age capacity.
It should be noted that currently there are still high production
costs for the encapsulation of PCM. Taking into account the current
costs in the market, the cost of the non-encapsulated PCM is about
7 times lower than the cost of the microencapsulated PCM. Thus, it
becomes urgent the development of new construction materials
based in techniques and raw materials, with high thermal perfor-
mance at low cost. These solutions become extremely competitive
when compared with traditional solutions with low contribution
to energy efficiency. It is imperative the development of mortars
for interior coating with incorporation of PCM based on inexpen-
sive raw materials (non-encapsulated PCM), contradicting the pro-
duction costs of materials based on macro or microencapsulated
PCM.
During the last years, several studies of construction materials
with incorporation of encapsulated PCM have been published.
The incorporation of PCM microcapsules in gypsum plaster boards
[14–17], concrete and mortars based in different binders has been
a target of recent investigations [13,18–20]. Other studies were
also published such as incorporation of PCM in PVC panels, blocks
and bricks [21–23].
The main objective of this work was the study of the influence
of incorporation of non-encapsulated phase change materials in
mortars, evaluating their physical and mechanical properties.
Other objective was the evaluation of the possible PCM leakage
from the interior of the mortars. Thus, several tests were per-
formed with 4 different compositions at 3 different ambient tem-
peratures (10 C, 25 C and 40 C). The proportion of PCM studied
was 0%, 2.5%, 5% and 7.5% of the sand mass. Some properties were
evaluated, in the fresh and hardened state, such as workability,
density, water absorption by capillarity, water absorption by
immersion, microstructure, hydration process, flexural strength
and compressive strength.
2. Experimental program
2.1. Materials
Cement based mortars were developed in order to understand
the influence of adding non-encapsulated phase change materials.
The materials selection for this research was based in other works
developed by the authors [4,13,20,24].
The used cement was CEM II B-L 32.5N with density of 3030 kg/
m3. The sand used has an average particle size of 439,9 lm and adensity of 2600 kg/m3. Synthetic fibers of polyamide with a length
of 6 mm, 22.3 lm of thickness and density of 1380 kg/m3, were
used. The superplasticizer used was a polyacrylate, with a density
of 1050 kg/m3 [4,13,20,24].
Finally the PCM used is non-encapsulated, composed by paraf-
fin with temperature transition between 20 and 23 C, enthalpy of
200 kJ/kg, density in solid state of 760 kg/m3 and in liquid state of
700 kg/m3 [25].
2.2. Compositions
Four compositions were developed with the main goal to eval-
uate the possibility of use non-encapsulated PCM in interior coat-
ing mortars. These compositions were evaluated from the fresh
state up to 28 days. The studied compositions are presented in
Table 1. The PCM content was fixed in 0%, 2.5%, 5% and 7.5% of
aggregate mass.
2.3. Test procedures
The developed mortars were evaluated in the fresh and
hardened state. In the fresh state the workability was
determined. In hardened state, the density, water absorption
by capillarity, water absorption by immersion, microstructure,
hydration process, flexural strength and compression strength,
were evaluated.
The density, water absorption by capillarity, water absorp-
tion by immersion, flexural strength and compression strength
were performed with the specimens at three different temper-
atures. So, the specimens were maintained, during 24 h, before
the tests, at three different ambient temperatures with resource
to an oven and a climatic chamber. The temperatures tested
were 25 C (reference temperature), 10 C and 40 C. These
temperatures were selected taking into account the PCM tran-
sition temperature. Therefore, the tests were performed for
the different mortars with PCM in the solid state (10 C), with
the PCM in the transition state (25 C) and with the PCM in
the liquid state (40 C). Thus, it was possible to evaluate the
influence of adding PCM non-encapsulated in mortars, but also
the influence of the PCM state in the physical and mechanical
properties of the mortars.
The test procedures used for characterize the physical and
mechanical properties of the developed mortars were based in
European standards and other works developed by the research
team [4,24].
Based on the European standard EN 1015-3 [26], the workabil-
ity tests were performed by flow tests. The resulting value was
only considered when equal to 160 ± 5 mm.
After the preparation, all the specimens were stored during
7 days in polyethylene bags and subsequently placed in the room
with temperature of about 22 C and 65% of humidity during
21 days, according to the standard EN 1015-11 [27].
The observation of the microstructure of developed mortars
was performed using a scanning electron microscope. For each
composition, two cylindrical specimens with diameter and height
of approximately 1 cm were prepared [24].
The products present in the hardened mortars were evaluated
with thermogravimetric tests (DSC-TGA). The tests were per-
formed in argon atmosphere, with flow rate of 100 ml/min and
heating rate of 10 C/min in a range of temperature between
22 C and 1000 C. The test sample mass was 0.2 g of material
removed from the surface of the specimen, at 28 days.
The water absorption by capillarity tests were performed based
on the European standard EN 1015-18 [28]. The water absorption
by immersion tests were based on the specification LNEC E 394
[29]. The tests were performed in three different temperatures
Table 1
Mortars formulation (kg/m3).
Composition Cement Sand PCM Superplasticizer Fibers Water
CEM-0PCM 500 1279.4 0 15 5 325
CEM-2.5PCM 500 1289.6 32.2 15 5 275
CEM-5PCM 500 1243.5 62.2 15 5 250
CEM-7.5PCM 500 1204 90.3 15 5 225
Fig. 2. Liquid material – binder ratio of the mortars.
S. Cunha et al. / Construction and Building Materials 127 (2016) 1–10 3(10 C, 25 C and 40 C). The samples were obtained by cutting the
prismatic specimens with dimensions of 40  40  160 mm3, pre-
viously subjected to flexural tests, according to the specifications
[28,29]. Regarding the water absorption by capillarity tests, the
quantification of the absorbed water was performed by conducting
successive weightings, according to a previously established plan
[24,28]. Relatively to the water absorption by immersion tests,
the specimens were dried in an oven, at 105 C, until the constant
mass. Subsequently, they were immersed into a container with
water. Finally, after saturation, the hydrostatic mass was deter-
mined [24,29].
The flexural and compressive behavior was determined based
on the standard EN 1015-11 [27]. The tests were performed imme-
diately after submitting the specimens during 24 h at three differ-
ent temperatures (10 C, 25 C and 40 C). The flexural tests were
performed with load control at a speed of 50 N/s. The compressive
tests were performed with load control at a speed of 150 N/s
[24,27].
3. Test results and discussion
3.1. Workability
The workability tests were performed with the main goal to
verify the application adequacy of the developed mortars
[4,13,20,24]. According to Fig. 1, it was observed a decrease supe-
rior to 15% in the water content with the incorporation of 2.5% of
PCM.
Fig. 2 presents the liquid material/binder ratio. It was observed
that the incorporation of non-encapsulated PCM did not cause sig-
nificate changes in the liquid material/binder ratio. This behavior
can be justified by the utilization of the liquid PCM, which in part
can operate as agent for the formation of a homogeneous mortar,
replacing part of the water.
Other studies related with the incorporation of PCM microcap-
sules in mortars reveals an increase in the water content, which isFig. 1. Water content of the mortars.related with the reduced particle dimension of the used PCM and
by the possible water absorption of the polymeric wall of the
microcapsule [4,13,20]. Thus, it was possible to predict that the
mortars with incorporation of non-encapsulated PCM will show
lower porosity when compared to the mortars with incorporation
of microencapsulated PCM.3.2. Density
Regarding the density, it was observed that the incorporation of
non-encapsulated PCM did not cause significant changes (Fig. 3).
The mortars tested at different temperatures did not present
changes in the density, because the densities of the PCM, in the liq-
uid and solid states, are similar.Fig. 3. Density of the mortars.
Fig. 4. Microscope observation of cement based mortars: a) Reference mortar (0% PCM); b) Mortar with incorporation of 2.5% of PCM; c) Mortar with incorporation of 5% of
PCM; d) Mortar with incorporation of 7.5% of PCM.
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The scanning electron microscope observations allow to
observe the existence of possible incompatibilities between
the different materials present in the mortars. Fig. 4 shows
the microstructure of the cement based mortars with different
contents of non-encapsulated PCM. These observations reveal
a good link between the different materials (PCM, fibers, aggre-
gate and binder) evidenced by the absence of cracks in the
microstructure of the developed mortars which demonstrates
an adequate process of mixing, application and curing of the
mortars.
Other observations were performed in order to evaluate the
micropore distribution in the different mortars. In the mortars
with incorporation of PCM it was observed a decrease in the quan-
tity of the pores and a decrease in its size (Fig. 5). The mortar with
incorporation of 7.5% of PCM presents a more compact microstruc-
ture when compared to the reference mortar (0% PCM). Thisbehavior can be explained by the decrease of water content of
the mortars with PCM incorporation.
It was also possible to identify that the mortars without addi-
tion of PCM present a denser microstructure, resulting from the
increase cement hydration, when compared with the mortars with
PCM incorporation (Fig. 6). This behavior can be justified by the
presence of the PCM that difficult the contact of cement particles
with water and air.
The products present in the hardened mortars can be deter-
mined using DSC-TGA tests. According with Figs. 7–10 it was
observed an increase in the number of peak points with the
increase of incorporation of non-encapsulated PCM. Thus, it was
possible to conclude that the incorporation of PCM leads to
changes in the hydration products of the cement mortars, as men-
tioned earlier.
Regarding to the reference mortars (Fig. 7) it was possible to
observe 2 different peak points at 80 C and at 761 C. The first
peak point (80 C) is related to the loss of uncombined water,
Fig. 5. Pore distribution of cement based mortars: a) Reference mortar (0% PCM); b) Mortar with incorporation of 2.5% of PCM; c) Mortar with incorporation of 5% of PCM; d)
Mortar with incorporation of 7.5% of PCM.
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cally combined water present in mortars is lost at two different
stages. The first stage occurs between 35 C and 70 C, where
the water present in the large dimensions pores evaporates. In
the second stage, which occurs between 70 and 105 C, there is
the liberation of water retained by capillary pressure in the capil-
lary pores [30–33]. The second peak, that occurs at 761 C, is
related with the decarbonation of calcium carbonate (CaCO3)
[30,34].
Fig. 8 presents the obtained results for mortars with incorpo-
ration of 2.5% of non-encapsulated PCM. It was verified different
peak points at 89 C, 202 C and 746 C. As mentioned before, the
peak point corresponding to 89 C is related with the loss of
uncombined water present in the sample and the peak point
corresponding to a temperature of 746 C is related to the decar-
bonation of calcium carbonate. The peak point at a temperature
of 202 C is related to the flash point of the PCM present in the
sample [25].Fig. 9 presents the DCS-TGA test results for mortars with
incorporation of 5% of PCM. It was observed the existence of 5
different peak points at temperatures of 87 C, 210 C, 431 C,
494 C and 750 C. As mentioned before the peak point at 87 C
is related with the loss of uncombined water, the peak point at
210 C is related with the flash point of PCM and the peak point
at 750 C is related with the decarbonation of calcium carbonate.
However, two different peak points were marked (431 C and
494 C), which are related with the dehydroxylation of calcium
hydroxide (Ca(OH)2). The decomposition of calcium hydroxide
(Ca(OH)2) into calcium oxide and water (CaO + H2O) is character-
ized by a loss of mass between the temperature range of
425–550 C [30]. Finally, Fig. 10 shows the obtained results for
mortars with incorporation of 7.5% of PCM. It was also observed
5 different peak points at similar temperatures (99 C, 232 C,
400 C, 467 C and 750 C). Thus, the peak point at 99 C corre-
sponds to the uncombined water, the peak point at 232 C is
related with the flash point of PCM, the peak point at 400 C
Fig. 6. Microstructure of cement based mortars: a) Reference mortar (0% PCM); b) Mortar with incorporation of 2.5% of PCM; c) Mortar with incorporation of 5% of PCM; d)
Mortar with incorporation of 7.5% of PCM.
Fig. 7. DSC-TGA test for reference mortar (0% PCM). Fig. 8. DSC-TGA test for the mortar with incorporation of 2.5% of PCM.
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Fig. 11. Capillary absorption coefficient of the mortars.
Fig. 9. DSC-TGA test for the mortar with incorporation of 5% of PCM.
Fig. 10. DSC-TGA test for the mortar with incorporation of 7.5% of PCM.
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and the peak point at 750 C is related with the decarbonation
of calcium carbonate (CaCO3).
Briefly, it was possible to observe the presence of calcium
hydroxide in mortars with incorporation of 5% and 7.5% of non-
encapsulated PCM. The presence of calcium hydroxide in these
mortars indicates a delay in the cement hardener process, as
indicated by the absence of crystals in the microscope observations
(Fig. 6). This behavior can be justified by the PCM presence that dif-
ficult the cement contact with water and air, which retards the
cement hardener reactions.3.4. Water absorption by capillarity
According to Fig. 11, it was verified that the incorporation of
non-encapsulated PCM leads to a decrease in the capillary
absorption coefficient superior to 72%. This behavior can be
explained by the partial or total occupation of the mortar pores
by the PCM. It was also verified that the mortars with PCM
incorporation present a similar capillary absorption coefficient
when submitted to different ambient temperatures, which
shows that even in different states (solid and liquid) the PCM
does not move to outside of the mortar matrix. Regarding thereference mortars (0% PCM), it was observed a higher capillary
absorption coefficient, due to the presence of empty pores in
the mortars.
Fig. 12 shows the behavior of the studied mortars during
7 days of testing. According to the results of the capillary
absorption coefficient, it was observed that the mortars with-
out incorporation of PCM presented a higher capacity of water
absorption, due to the higher quantity of free pores in their
microstructure. On the other hand, in each formulation it
was observed a slightly different capacity of water absorption
taking into account the environment temperature of the test.
The mortars subjected to low temperatures (10 C) exhibit a
lower capacity of capillary water absorption, due to the PCM
solid state, decreasing contention water capacity in the pores
of the mortars. The mortars submitted to temperatures that
allow the PCM transition from solid state to liquid state
(25 C and 40 C) presented a higher capacity of capillary water
absorption, due to the smaller volume that the PCM occupies
in the mortar pores.
3.5. Water absorption by immersion
According to Fig. 13, it was observed a decrease in the water
absorption by immersion with the incorporation of PCM. The
incorporation of 2.5% of non-encapsulated PCM leads to a decrease
superior to 17%. It was also verified that the specimens exposure to
lower temperatures (10 C) decreases the capacity of water absorp-
tion by immersion of the mortars. This situation can be explained
by the solid state of the PCM inside the pores of the mortars. On the
other hand, these results when compared with the similar results
for mortars with incorporation of microencapsulated PCM reveals
lower values of water absorption [4,13]. Thus, it is possible to con-
clude that the mortars with incorporation of microencapsulated
PCM have higher porosity, due to the increase in their water
content.
3.6. Flexural and compressive behavior
Fig. 14 shows the flexural and compressive behavior of
the different mortars when exposed to different ambient
temperatures. It was observed that the incorporation of 2.5%
of non-encapsulated PCM did not cause significant changes
in the flexural and compressive behavior. This situation can
be explained by the contained PCM inside the pores, not
Fig. 12. Water absorption by capillarity of the mortars: a) Reference mortar (0% PCM); b) Mortar with incorporation of 2.5% of PCM; c) Mortar with incorporation of 5% of
PCM; d) Mortar with incorporation of 7.5% of PCM.
Fig. 13. Water absorption by immersion of the mortars.
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verified a liquid material/binder ratio similar for all
compositions.
Studies related with the incorporation of PCM microcap-
sules in mortars showed a decrease in the flexural and
compressive strengths, due to the presence of higher water
content in the mortars [4,13,20]. Thus, it was verified that
the incorporation of non-encapsulated PCM is a solution with
no significant impact in the main mechanical properties of the
mortars.
The mortars were classified according to standard NP EN
998-1 (Table 2), taking into account the compressive strength
[35]. The aim of this work was to obtain cement mortars
with incorporation of non-encapsulated PCM for interior
coating with an appropriate classification. It was observed that
all developed mortars presented the maximum classification of
CSIV (Table 3). Thus, it is possible to obtain a mortar incorpo-
rating non-encapsulated PCM with appropriated mechanical
behavior.
Fig. 14. Mechanical behavior of the mortars: a) Flexural strength; b) Compressive strength.
Table 2
Classification of mortars according to standard NP EN
998-1:2010 [35].
Class of strength Compressive strength (MPa)
CSI 0.4–2.5
CSII 1.5–5.0
CSIII 3.5–7.5
CSIV P6.0
Table 3
Classification of mortars according with the compressive strength.
Composition Test
temperature (C)
Compressive
strength (MPa)
Classification NP EN
998-1:2010
CEM-0PCM 10 19.93 ± 0.52 CSIV
CEM-2.5PCM 18.40 ± 0.43
CEM-5PCM 18.39 ± 0.98
CEM-7.5PCM 19.43 ± 0.90
CEM-0PCM 25 18.76 ± 1.55 CSIV
CEM-2.5PCM 17.00 ± 1.55
CEM-5PCM 17.92 ± 0.65
CEM-7.5PCM 19.11 ± 1.11
CEM-0PCM 40 21.34 ± 1.13 CSIV
CEM-2.5PCM 19.06 ± 0.91
CEM-5PCM 19.17 ± 0.33
CEM-7.5PCM 19.04 ± 0.87
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This study evaluated the physical and mechanical properties of
cement mortars with incorporation of non-encapsulated PCM.
Based on the obtained results, it can be concluded that the addition
of these materials caused some changes in the cement mortars
properties in fresh and hardened state.
The incorporation of non-encapsulated PCM causes a decrease
in the amount of water added to the mixture, in order to maintain
the same workability. However, the ratio liquid material/binder of
the mortars is similar. This indicates that in general all mortars
require the same amount of liquid (water and PCM) to form an
homogeneous paste.It was possible to conclude that the incorporation of non-
encapsulated PCM leads to a decrease in the microporosity of mor-
tars and a delay in the cement hardener process, such as it was
demonstrated by scanning electron microscope observations and
DSC-TGA tests.
Regarding the water absorption by capillarity it was observed
that the incorporation of non-encapsulated PCM leads to a
decrease in the capillary absorption coefficient, due to the partial
or total occupation of the mortar pores by the PCM. The water
absorption by immersion presents a decrease with the incorpora-
tion of non-encapsulated PCM. The mortars behavior with addition
of non-encapsulated PCM are similar, however some changes can
be detected with the ambient temperature (10 C, 25 C and
40 C). These changes are related with the different state of PCM
inside the mortars pores. Thus, when the PCM is in the solid state,
the amount of water absorbed decreases. It, was verified that the
reference mortars presented higher values of water absorption,
which shows that PCM does not move to outside of the mortar
matrix.
According to flexural and compressive strengths, it can be con-
cluded that he incorporation of non-encapsulated PCM did not
cause significant changes in the mortars mechanical behavior. On
the other hand, the developed mortars presented the highest resis-
tance class, taking into account the compressive behavior.
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